Abstract. Current engines are readily available for CNG bi-fuel conversions because it requires only minor engine modifications. However, CNG flame speed is lower than gasoline, therefore reducing the power and range of the vehicle when operating on CNG. This situation can be improved by increasing the flame speed via higher turbulence generated by swirl motion. A computational fluid dynamics (CFD) model was used to analyse the swirl generated by dissimilar valve lift (DVL) profiles on the intake valve. A 3D engine simulation shows differences in swirl motion and turbulence between the original symmetric valve lift profile and the DVL. The swirl before combustion was found to increase almost 25%. The higher swirl number can increase the turbulence kinetic energy (TKE) level which improves better fuel mixing. The 1 mm DVL proved to be the better choice from CFD analysis and later was tested on a K3-VE engine. Pressure analysis shows peak pressure increased by 5.6% and burn rate shows CNG had a slower burning speed on the small engine.
Introduction
Comparing CNG to LPG, the relative abundance and low price of CNG compared to LPG has resulted in the increased current usage of CNG as a vehicular fuel and will continue to do so in the near future, as predicted by [1] . CNG fuel has proven deposits that can last more than 66 years [2] .
A vehicle conversion to CNG was automatically EURO-1 compliant and has further possibilities to reach Californias program for low emission vehicles (LEV), ultra low emission vehicles (ULEV), and zero emission vehicles (ZEV). The use of CNG has shown reductions in emissions of carbon monoxide, CO (by 90-97%) , carbon dioxide, CO2 (by 25%), nitrous oxide NOx (by 35-60%) and non-methane hydrocarbon, NMHC (by 50-75%) [3] .
Current practice of CNG fuel delivery is via port injection, allowing bi-fuel systems to plug and play on most readily available petrol engines. Although studies suggest that direct injection may be the future fuel delivery method of choice for CNG, port injected bi-fuel systems can be a cost effective match for most of the existing engines in use. As CNG usage grows, the understanding and control of its combustion in a petrol bi-fuel engine was crucial to get the best efficiency, power and range [4] . A computational analysis will be able to conclude the use of CNG together with engine testing.
The CFD simulation was focused on 4000 rpm as the engine speed was tested for the best efficiency and BSFC while maintaining power. The simulation was used to test the transient effects of the valve lift created by the DVL movement. The DVL was tested using the 1 mm of the valves lifts were taken as the percentage of the baseline cam. Each setting was 13% reduction of the base circle of the original cam as shown in Fig.1 .
Fig. 1 Valve Lift versus Cam Lift

Computational Fluid Dynamics Model
For internal combustion engine simulation, the governing equation of fluid flow was written as [5] , 1. Continuity equation;
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A general form of continuity equation and can be used for either compressible or incompressible flow. is the mass added to continue phase from the dispersed second phase.
Momentum equation;
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where is static pressure, is stress sensor, and and are the gravitational body force and external body force respectively.
Energy equation;
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where is internal energy, is the effective conductivity and is the diffusion flux of species . includes the heat of chemical reaction and other volumetric heat sources. With the respect to dynamic meshes, the conservation equation of the moving boundary can be written as;
Where, = fluid density = flow velocity vector The model was developed from the engine parameters. The volume of the combustion chamber was scanned using a laser scanner. Fig.2 shows the boundary created for the CFD analysis. The model was discretized to solve the CFD equations using a hybrid mesh approach. Two types of elements were used to developed the hybrid mesh. One is a tetrahedral mesh for the complex combustion chamber shape, the other is a quadrilateral mesh for the moving parts (dynamic mesh zone). The piston surface and valve opening were simulated using the layering mesh method to move the mesh. The vehicle which has been chosen for testing purpose is a sub compact car from Malaysia with specification as in Table 1 . 
Electronic fuel injection
The engine tests were conducted on a test cell which was connected by various sensors. Referring to Fig. 3 , the engine was connected to a crank encoder for 1° angle measurement, pressure measurement using Kistler 6052C and charge amplifier, a dynamometer for torque measuring, fuel scale measuring weight, 1 gram resolution, Throttle measurement using Throttle Position Sensor (TPS), and an emissions analyser (KANE tm ). The sensors were integrated by using In order to compare the engine performance on a common basis, tests should be run at standard conditions. Whenever this is not possible, a correction factor was applied to the measured torque value to account for the difference between actual inlet air conditions and standard air condition [7] .
Results
A three-dimensional CFD model was used to estimate and analyse the combustion process at 4000 rpm (MBT) with 1 mm DVL. A flame speed propagation analysis was done to estimate how slow the real flame speed is when compared to the simulation flame speed. The result of the analysis was state of the art as it combines actual burn rate inputs from the experiment and a validation by CFD. A pressure validation was done, by firstly comparing the trace of experimental data with the CFD. This was shown in Fig. 4 and Fig. 5 . Almost all points of the CFD coincides with the experimental data with 2% error. As the exhaust stroke was not modelled with CFD, the data for exhaust stroke was neglected in the study. This shows precise modelling and meshing in the CFD analysis. The validated simulation can be use to test the actual engine for modifications without using the actual engine. After validation, the CFD model was used to visualize and compute the flame propagation speed. Fig. 6 shows the simulated flame propagation speed measured from time of spark until flame touches one surface of the combustion chamber at 4000 rpm which was the maximum brake torque of the engine. The wall was taken because the flame extinguishes when it touches the surface wall surface. A 4-degree Crank Angle (CA) faster combustion was observed in the CFD model. The results were in line with literature by [8] where, the CFD results were higher than experimental due to errors of heat transfer, crevice volume and pressure loss not evaluated by the CFD model. Assuming that the flame propagates in a spherical manner, the turbulent flame propagation speed can be estimated from, [9] by: (5) Where, , is the radius from spark ignition (m) , is the flame propagation speed (m/s)
The simulated flame propagation speed was calculated as in equation, , r f , was found from the geometry at 12.32 mm and the duration of propagation t, was from the start was from start of ignition to wall quenching shown in Fig. 6 0.792 ms, and as shown in Fig. 7 , 0.833 ms, respectively. CFD flame propagation speed calculated as in Table 2 . Results again show that the flame was faster in the 1 mm DVL by 5.6 %. Using engine testing, the 1 mm DVL engine efficiency jumped to near gasoline levels. The largest efficiency improvement was at lower engine speed registering a 23.2% improvement at 1000 rpm compared to the baseline CNG. The results show that the engine utilizes fuel more efficiently to produce torque compared to the baseline CNG. More homogenous mixing of the gaseous fuel caused by the 1 mm DVL air flow is the reason of this significant improvement. The swirling motion makes the CNG fuel mix more effectively and burns fully, thus the fuel energy was converted to a more efficient work done by the piston. On average, the 1 mm DVL was 11.9% more efficient than the baseline CNG fueled engine. At 4000 rpm the 1 mm DVL produces 5.7% improvement in engine efficiency. This is shown in Fig. 8 . The specific fuel consumption, BSFC also shows overall improvement as shown in Fig. 9 , with maximum improvement of 5.4% from baseline CNG for the 1 mm DVL at 4,000 rpm. The fuel consumption reduces due to efficient burning of the fuel which signals to the O 2 sensor for the ECU to reduce the fuel amount as the required air fuel ratio is achieved with a smaller amount of fuel due to enrichment by the DVL [10] . Fig. 10 . The engine running on CNG has a COV imep indicating unstable combustion at above 10% , the 1 mm DVL is capable of reducing the COV imep to near to gasoline levels. The COV imep reduces at 3000 rpm to 5000 rpm to a minimum of 8.7% and increased back at higher engine speeds. This is the commonly used range of engine speed for normal driving [11] . The improvement leads to better engine drivability with less misfiring for the CNG fuel. 
Conclusion
The engine operation with conventional bi-fuel CNG kit has detrimental effects to low and high speed engine operations. The burn curve shows that CNG has slow burning due to engine design which was meant for gasoline performance. The only best engine operation occurred at 4000 rpm, however a loss of pressure concludes volumetric losses. The CFD model however, produced higher mass fraction burn due to unseen errors that were neglected by the CFD. This errors were due to heat transfer, crevice volume, and pressure losses which were in the ideal condition in CFD. However CFD was able to predict the flame propagation speed at 5.6% better for the 1 mm DVL from the baseline. The swirl before combustion also increased by 25%. Experimental testing shows the engine with 1 mm DVL has improvement of peak pressure of 5.6%. This creates better engine driveability due to less miss fire from the COV imep readings above 10% with 1 mm DVL. 
